Transparent conducting oxide (TCO) nanoparticles based on zinc oxide doped with aluminium and gallium (Al-and Ga-co-doped ZnO, AGZO) were synthesized using a continuous hydrothermal flow synthesis (CHFS) reactor by rapid hydrolysis and dehydration of aqueous metal salt precursors, in the presence of formic acid as an in-process reducing agent. The as-synthesised powders were characterized by powder X-ray diffraction (pXRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). The as-synthesised powders were pressed into ceramic compacts and heat treated to ensure phase-pure wurtzite structure. The electrical properties of the materials were evaluated by Hall Probe measurements on the compacts, showing resistivities as low as 4 55 × 10 −2 cm, which represents a very high conductivity for such a pressed disc based on ZnO.
Transparent conducting oxide (TCO) thin films have found many uses in modern electronic devices, particularly as a key component in touch screens, flat panel displays, solar cells, smart windows, and organic light emitting diodes (OLEDs). 1 Indium tin oxide (ITO) is the current industrystandard TCO material used in such devices due to its high optical transparency (>80%) and low resistivities (order of 10 −4 cm) when deposited as thin films by methods such as magnetron sputtering, 2 pulsed laser deposition, 3 spincoating, 4 spray pyrolysis, 5 and chemical vapor deposition. 6 Due to the high cost and increasing scarcity of indium other more sustainable, non-toxic, and inexpensive TCO materials are being explored as potential ITO replacements. Such target TCO materials are being sought that possess a direct band gap >3 eV, and transparency and resistivity figures which are comparable to those of ITO. 7 Thin films of zinc oxide show high transparencies, but require metal-ion doping to approach the conductivity properties of ITO. 8 The two most widely studied dopants for the ZnO system are aluminium (Al 3+ ) and gallium (Ga 3+ ), which have achieved results rivalling ITO's optoelectronic properties. 9 10 In comparison to ITO, * Author to whom correspondence should be addressed.
aluminium-doped ZnO (AZO) is cheaper by virtue of Al being used, however it suffers in terms of chemical stability, particularly with regards to water stability. Galliumdoped ZnO (GZO) is more costly due to the presence of Ga, but is more stable to hydrolysis than AZO. 11 Therefore, it has been suggested that Al and Ga co-doped into ZnO (AGZO) could offer a reasonable balance of stability, performance and cost for a sustainable ZnO-based TCO. 12 For highly transparent thin films deposited with various sputtering techniques, resistivities as low as 6 to 8 × 10
cm have been reported for AGZO. 13 14 In comparison to the number of reports in the TCO literature on AZO or GZO, the AGZO system is relatively under-explored.
TCO powders can be processed into thick or thin films via spin coating and inkjet methods, however subsequent annealing steps on the deposited films often require temperatures in excess of 700 C to have adequate adhesion. 15 16 This limits the appropriate choice of substrates to those that can withstand such temperatures. A wider field of substrates (e.g., flexible plastics 17 ) can be considered when TCOs are deposited from suitable ceramic inks using ink-jet printing followed by rapid microwave annealing, for example. Therefore, there is interest to develop reproducible and sustainable manufacturing routes to stable and high loading TCO inks, which could be suitable for use in inkjet, screen printing or related printing methods.
Continuous hydrothermal flow synthesis (CHFS) reactors offer a scalable and sustainable process technology for the fabrication of nanoparticles as ceramic dispersions in water. The CHFS process uses superheated water and inexpensive metal salts, with pH modifiers, as reagents and can allow nanoparticles to be functionalized in-process, potentially aiding dispersion into a number of different solvent systems. 18 In a CHFS reactor, nanoparticles rapidly form when a flow of supercritical (or superheated) water is mixed with an ambient temperature aqueous flow of metal salts (and other reagents, such as base, if needed) in an engineered mixer such as a confined jet mixer. By virtue of being a continuous process, CHFS lends itself to process intensification, which opens up the possibility of it being used for direct, scalable and continuous TCO-ceramic ink production. [19] [20] [21] In CHFS, the mechanism of precursor conversion to nanoparticle metal oxide in the supercritical/superheated water environment proceeds via simultaneous and rapid hydrolysis and dehydration. A schematic for the CHFS process is shown in Figure 1 . After the mixer, the newly formed aqueous nanoparticle slurry is rapidly cooled in flow before passing through a back-pressure regulator valve, where it is collected for removal of the water and residual ions. [19] [20] [21] [22] To the knowledge of the authors, doped zinc oxide synthesis via CHFS for TCO applications has not previously been investigated, however, zinc oxides made via CHFS have been of interest for other applications on the laband pilot-scale; [20] [21] [22] this includes a combinatorial approach (lab-scale) to d-and f-block doped zinc oxides (0.5-1.5%) for UV attenuation/photocatalysis and also ZnO made via a scaled-up pilot plant CHFS. 20 21 23 Given the conduction mechanism for doped zinc oxides, which is based on intrinsic H-impurities of the materials, 24 reducing conditions in-process is assumed to be useful in the manufacture of ZnO for TCOs. In CHFS, formic acid has been used previously in-process to encourage the formation of oxygen vacancies in ITO nanoparticles for TCOs, 18 as under such temperatures and pressures it breaks down to a mixture of reducing hydrogen and carbon dioxide according to Eq. (1). 25 The vast excess of H 2 O in the reactor during the process firmly shifts the equilibrium to the right, ensuring the presence of H 2 in the process. 26 27
Herein, we report the synthesis, characterisation, and electrical properties of aluminium and gallium co-doped zinc oxide by CHFS. After initial optimisation, the atomic ratio of Zn:Al:Ga used in the precursor solution was selected as 95:3:2.
Powder X-ray diffraction data of the as-prepared products, made with concentrations of formic acid from 0 to 0.75 M, (see Figs. 2(a-d) ) confirmed the formation of wurtzite ZnO, with peaks consistent with the included ZnO standard reference pattern (PDF No. 01-076-0704, see Fig. 2(e) ). 28 Peak positions and assignments are shown in Table I . However, at least one minor impurity phase was also observed, with peaks at 2 values of 12.9 , 28.0 , 31.0 , and 32.8 that could not be identified from the Bragg peaks present. CHN analysis on the as-prepared samples revealed increasing amounts of C, N, and H (2.12-2.99%, 0-1.18% and 0.96-1.24%, respectively) with increasing concentration of formic acid in the reaction mixture. As shown in Figure 2 (e), upon heat treatment all impurities were removed in the XRD data, affording phasepure, crystalline wurtzite ZnO as shown by comparison to the ZnO reference pattern. 28 CHN analysis post-treatment showed negligible amounts of C, H, and N, which may suggest that these were part of the unidentified impurity phase observed in the as-prepared XRD patterns.
To confirm the presence of both Al and Ga in the sample, energy-dispersive X-ray spectroscopy (EDS) (Fig. 3) and X-ray photoemission spectroscopy (XPS) (Fig. 4) were carried out. EDS mapping of Zn(2p K ), Al(2p K ) and Ga(2p K ) emissions clearly showed these elements were homogenously distributed, on a length scale of approximately 1-2 m, throughout the ZnO nanoparticles. EDS indicated relative atomic proportions of Zn, Al and Ga to be 94.6%, 3.9% and 1.5% respectively, which was comparable to the starting solution ratio of 95:3:2.
XPS analysis confirmed the presence of zinc, aluminium, and gallium within the heat-treated sample, with no other impurities observed within the survey spectrum. High resolution scans were carried out in the Zn 2p, Al 3d, Ga 2p, O1s and C1s regions of the spectrum. The binding energy scale for all measurements was calibrated using the adventitious C1s peak at 284.7 eV, and the peak positions are summarised in Table II . A set of doublet peaks at binding energies of 1021.5 eV and 1044.6 eV corresponded to the 2p 3/2 and 2p 1/2 levels of Zn 2+ , respectively. 29 Similarly, the presence of Al 3+ and Ga 3+ was confirmed by the presence of peaks at binding energies of 74.1 eV (Al 2p 3/2 30 and 1117.8 eV (Ga 2p 3/2 ). 31 An additional set of peaks was observed in the Al 2p region, at a binding energy of 76.4 eV for Al 2p 3/2 . Al 2p peaks at this higher binding energy are typical of hydroxyl-species such as AlO(OH) and Al(OH) 3 , 32 likely to have resulted from hydration of near-surface Al-species within the sample. Analysis of the O1s region revealed a number of oxygencontaining species, attributable to the presence of multiple oxygen environments within the doped ZnO structure, as well as oxygen-containing surface contaminants. The presence of multiple O1s peaks prevented accurate deconvolution of the spectrum.
To investigate the influence of formic acid on the morphology of the particles, TEM was carried out on the asprepared samples, as shown for samples AGZO(0) and AGZO(0.25), which are shown in Figure 5 . The TEM images showed similar shapes of particles, a mixture of small spheroids and larger rods being present in the absence of formic acid, whereas more, sharper rods were formed in the presence of formic acid.
To assess the electrical performance of the materials, Hall Effect measurements were carried out. Three measurements were made for each sample and the mean value calculated. Of the materials reported in this work, AGZO(0.25) ( denoting heat treatment) showed the lowest resistivity of 4 62 × 10 −2 cm (±0 07 × 10 −2 cm), an excellent result for a pressed-nanopowder disc. Previous synthesis of ITO by the same CHFS process, processed and tested by similar methods, 33 showed resistivities as low as 6 0 × 10
cm, less than an order of magnitude lower than those reported herein. Previous efforts based on pressed discs, also looking at ITO, yielded comparable results to that reported herein, e.g., 1-3 × 10 −2 cm. 34 35 In summary, a CHFS process was used to synthesise AGZO, a cheap and sustainable alternative to ITO, as a transparent conducting oxide material. The measured resistivities were as low as 4 55 × 10 −2 cm for a pressed nanopowder disc. Further study will investigate both the scale-up and optimization of the material composition and deposition of the nanopowders into thin films by various methods including inkjet printing and spin coating, which the authors believe will result in greatly improved resistivities for these underexplored materials. The results of these endeavors will be reported in due course.
EXPERIMENTAL DETAILS
The reagents used were potassium hydroxide (Fisher Scientific, Leicestershire, UK), zinc nitrate hexahydrate, 98% (Sigma Aldrich, Dorset, UK), aluminium nitrate nonahydrate, 98+% (Sigma Aldrich, Dorset, UK), gallium nitrate hydrate, 99.999% (Alfa Aesar, Lancashire, UK) and formic acid, ≥95% (Sigma Aldrich, Dorset, UK). Deionised water was used throughout synthesis (resistivity >10 M cm). The pressure in the reactor was 24.1 MPa and the mixing temperature 335 C. Hydrated zinc, aluminium, and gallium nitrate salts were dissolved as a single aqueous solution and used as the metal precursors at a total metal concentration of 0.2 M. Formic acid was added to the metal precursor solution at concentrations of 0.25-0.75 M. The reactor scheme is shown in Figure 1 ; the metal precursor solution was run through pump P2, 0.4 M KOH solution through P3, while P1 provided the supercritical water feed at flow rates of 40, 40, and 80 ml min −1 respectively. AGZO nanoparticles were formed in flow in the mixer and cooled in flow before being collected in an aqueous slurry after passing through a backpressure regulator (BPR, Tescom, Elk River, USA). The nanoparticle-laden slurries were washed with deionised water and the wet solids freeze-dried (Virtis Genesis 35 XL), resulting in freeflowing powders. Powder X-ray diffraction patterns were collected using a Bruker D4 diffractometer, employing a copper source (Cu K , = 1 54 Å). Energy Dispersive X-ray Spectroscopy (EDS) was carried out using an Oxford Instruments X-Max N 80-T Silicon Drift Detector (SDD) fitted to a Jeol 200 kV transmission electron microscope and data processed using AZtec ® software. The nanopowders were pressed into compact discs (density 2.5 g cm −3 ) of thickness 0.9-1.0 mm under a force of 5 tons using a bench-top press. The discs were heat treated under 5% H 2 /N 2 at 500 C for 3 hours. Hall Effect measurements were carried out using the van der Pauw method to determine the bulk resistivity of the materials. Four gold contacts were sputtered onto the heat-treated discs, which were then put under an input current of 1 mA and a calibrated magnetic field of 0.58 T. The transverse voltage was then measured, and finally the measurement was repeated by reversing the direction of the magnetic field and the current.
